To test if expansins, wall loosening proteins that disrupt binding between microfibrils and cell wall matrix, participate in the differential elongation of graviresponding roots, Zea mays L. cv. Merit roots were gravistimulated and used for immunolocalization with anti-expansin. Western blots showed cross-reaction with two proteins of maize, one of the same mass as cucumber expansin (29 kDa), the second slightly larger (32 kDa). Maize roots contained mainly the larger protein, but both were found in coleoptiles. The expansin distribution in cucumber roots and hypocotyls was similar to the distribution in maize. Roots showed stronger expansin signals on the expanding convex side than the concave flank as early as 30 min after gravistimulation. Treatment with brefeldin A, a vesicle transport inhibitor, or the auxin transport inhibitor, naphthylphthalamic acid, showed delayed graviresponse and the appearance of differential staining. Our results indicate that expansins may be transported and secreted to cell walls via vesicles and function in wall expansion.
Inroduction
Enlargement in plant cells results from vacuolation and turgor-driven extension of cell walls (Carpita and Gibeaut 1993, Cosgrove 1997) . Many studies support the acid growth hypothesis for auxin action, which predicts that auxin induces growth by secreting protons into the wall (Rayle and Cleland 1992) . The lowered cell wall pH was thought necessary to activate hypothetical enzymes or processes that initiate wall loosening and thereby result in cell enlargement. However, the molecular basis of acid-induced growth remained unclear until the discovery of expansins (Cosgrove 1989 , McQueen-Mason et al. 1992 .
Expansins are proteins of 25-26 kDa and have been found in many species, such as cucumber, Arabidopsis, pine, rice, oat etc. and appear to be ubiquitous. Expansins comprise a large superfamily with at least two major branches, =-expansins and >-expansins. According to cDNA sequences, different =-expansins have 70-90% amino acid sequence similarity. >-expansins are more variable in sequence and have 20-25% protein sequence similarity with =-expansins. In Arabidopsis 22 =-expansins and four >-expansins are known. = and > expansins probably act on different polymers of cell walls (Cosgrove 1998, Shieh and Cosgrove 1998) .
The mode of action of expansins in cell wall loosening is not well understood. Extension induced by expansins is almost identical to acid-induced elongation (McQueen-Mason et al. 1992 , McQueen-Mason 1995 . Biochemical and biophysical data indicate that expansin proteins bind to the surface of cellulose microfibrils and that they allow the cell wall to extend without steadily weakening the tensile strength of the cell wall. This feature is different from the effect of wall hydrolases, which progressively weaken the cell wall (McQueen-Mason 1995, Shieh and Cosgrove 1998) .
The activity of expansins has been measured with extensometers by applying isolated expansins to wall specimens (Cosgrove 1996) . The location of expansins expression has been shown using in situ hybridization of mRNA (Cho and Kende 1998, Im et al. 2000) . However, neither isolation of protein nor in situ hybridization of mRNA reveals the location of expansins or their site of function. To study the spatial location of expansins, we chose immunochemistry and confocal microscopy of roots. The data indicate that expansins are involved in differential elongation because the distribution and immunosignal of expansins was stronger in the faster growing convex side of roots after the onset of graviresponse.
Materials and Methods

Plant material
Caryopses of maize (Zea mays L. cv. Merit) were soaked overnight and germinated on wetted paper between opaque plastic trays at 25°C under room light. Cucumber seeds (cv. Ashley, Design Inc., Willows, CA, U.S.A.) were sown on wetted paper in covered plastic boxes and grown at 25°C in darkness.
Anti-expansin antibody
Anti-expansin antibody was raised against cucumber expansins ) and recognizes maize expansins in coleoptiles (Hoffmann-Benning et al. 1994 ) and roots (Wu et al. 1996) . It was kindly provided by Dr. Cosgrove, Pennsylvania State University.
Preparation of cell wall protein
Wall protein extraction was based on McQueen-Mason et al. (1992) . Four-days-old maize roots, 5-days-old maize coleoptiles and cucumber hypocotyls were harvested under room light and placed on ice. The tissue was extracted 4´15 s (20 mM sodium acetate, 2 mM EDTA, pH 4.5, 1.5 ml g -1 tissue) in a mini food processor (Hamilton Beach Inc.). The homogenate was filtered through 60 mm Spectra/ Mesh macroporous filters. The cell wall fraction was collected and washed twice with extraction buffer (50 ml) and filtered. Wall proteins were extracted with 100 ml of 1 M sodium chloride containing 20 mM HEPES (pH 6.8), 2 mM EDTA and 3 mM sodium metabisulfite at 4°C for 4 h. Wall fragments were removed by filtration and the filtrate was centrifuged (19,000´g for 10 min). Proteins in the supernatant were precipitated with 0.4 g ammonium sulfate added per ml. After centrifugation, the pellet was resuspend in 4 ml distilled water, and dialyzed against distilled water at 4°C until ammonium was no longer detected with Nessler's Reagent. The solution was centrifuged (21,000´g for 10 min) and the concentration of protein in the supernatant (8 ml) was determined (Bradford 1976 ) and stored at -20°C.
SDS-polyacrylamide gel electrophoresis and immunoblotting
Proteins were separated with SDS-PAGE (4.5% stacking and 12.5% running gels, 20 mA for 15 min, then 45 mA for 35 min). The proteins were transferred to nitrocellulose membrane (MSI, Westborough, MA, U.S.A.) under 100 V for 1 h. The blot was blocked with 1% horse serum in phosphate-buffered saline (135 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium monophosphate, 1.8 mM potassium bisphosphate, pH 7.2) for 60 min and incubated for 1.5 h in anti-expansin serum. The serum was diluted 1 : 1,000 in 1% horse serum . After washing with phosphate-buffered saline containing 0.1% Triton X-100 for 2´5 min and Tris-buffered saline (135 mM sodium chloride, 2.7 mM potassium chloride, 25 mM Tris pH 8.0) containing 0.1% Triton X-100 for 2´5 min, the blot was incubated with alkaline phosphatase-labeled donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories Inc. 1 : 4,000 in 1% horse serum in Tris-buffered saline) for 1.5 h and then washed 3´5 min with 0.1% Triton X-100 in Tris-buffered saline. The blots were stained with 20 ml Tris buffer (0.1 M Tris, 0.5 mM magnesium chloride, pH 9.5) containing 200 ml 5-bromo-4-chloro-3-indoylphoshate p-toluidine salt (30 mg ml -1 70% dimethylformamide) and 200 ml p-nitro blue tetrazolium chloride (15 mg ml -1 dimethylformamide) for 20 min.
Treatment of maize roots
Gravistimulation-Sets of six 3-days-old maize seedlings with straight, 1.5-2 cm-long roots were mounted vertically on caulking compound in square plastic Petri dishes (9´9´1.5 cm, lids lined with wet filter paper). After 1 h, the roots were reoriented horizontally. After 15, 30, 60, and 90 min, 6 mm-long root tips were excised and fixed in 4% formaldehyde in 60 mM PIPES, 25 mM HEPES, 10 mM EG-TA, 2 mM MgCl 2 , 5% dimethylsulfoxide, pH 7 (PHEMD).
Application of inhibitors-The inhibitor of Golgi-mediated protein secretion brefeldin A (BFA, Schindler et al. 1994 ) and the auxin transport inhibitor naphthylphthylamic acid (NPA) were prepared from 10 mg ml -1 dimethylsulfoxide stock solutions. Maize seedlings were mounted vertically in 2 ml microcentrifuge tubes containing 0.5 ml 5 mg ml -1 BFA or NPA so that only root caps were immersed in the solutions. After 30 min, each root was rinsed with distilled water and mounted in Petri dishes. The roots were reoriented and fixed as above. Roots treated with distilled water served as controls.
Immunocytochemistry-After fixation in 4% formaldehyde overnight, the roots were washed with distilled water three times, 5 min each. Sections (70 mm) were cut on a vibratome-1000 (Technical Products International, St. Louis, MO, U.S.A.), and transferred to slides. The samples were treated with an enzyme solution (1% cellulase, 0.5% pectolyase in PHEMD) for 10 min and incubated in 0.1% Triton X-100 in PHEMD for 20 min. The sections were blocked with horse serum (1 : 10) diluted with phosphate-buffered saline (150 mM sodium chloride, 4 mM sodium bisphosphate, 6 mM sodium monophosphate pH 7.0) for 1 h. After three washes with PHEMD, the samples were incubated with 1 : 80 rabbit anti-expansin antibody containing 1 : 10 horse serum. After 2.5 h, the slides were washed five times with PHEMD. The bound anti-expansin antibody was visualized with FITC-labeled goat anti-rabbit IgG (1 : 80, Sigma F-0382) for 2.5 h. After three rinses, specimens were mounted on slides (Blancaflor and Hasenstein 1993 ) and examined with a MRC 1024 laser scanning confocal microscope (Biorad, Richmond, CA, U.S.A.).
Measurement of curvature-Root caps were pretreated with BFA or NPA as above. After mounting in Petri dishes, the roots were reoriented horizontally for 2.5 h. Curvature was measured using a video digitizer system (Hasenstein 1991) which continuously acquired and recorded in 1-min intervals the angular orientation of the root tip. Cur- 
Results
Western blotting indicated that the anti-cucumber expansin antibody recognized maize-root derived expansins. In cucumber hypocotyls, the blot showed one major band (about 29 kDa), and two bands in maize (29 kDa and 32 kDa, Fig. 1 ). The smaller protein was found in coleoptiles and its size was identical to that of cucumber expansin. The larger protein was found in maize coleoptiles and roots (Fig. 1) .
We tested the specificity of the tissue staining by replacing the anti-expansin antibody with non-immune rabbit serum. Under these conditions the examined tissue showed no staining ( Fig. 2A, B) . The autofluorescence was uniform and relatively weak (Fig. 2C) , suggesting that the signal from the antibody is reliable. Without cellulase and pectolyase treatment, the staining of the cell wall (Fig. 2D ) was patchy. No staining occurred in tightly packed cells in the meristematic tissue (data not shown). However, partial digestion of the cell wall substantially improved binding of the anti-expansin antibody.
The affinity of the antibody is further confirmed by the staining patterns in cucumber and maize coleoptile tissue. The staining pattern in all three tissues was similar. Cell walls of longitudinal sections of cucumber hypocotyl (Fig. 3A) and maize coleoptile (Fig. 3B ) also showed similar patterns. The intense staining in cross sections around intercellular spaces suggests that the strong signal in longitudinal sections is the result of expansin found in intercellular spaces in cucumber hypocotyls (Fig. 3C ) and maize coleoptiles (Fig. 3D) .
Maize root tissue showed similar staining. In the apical region, between 0 to 1.5 mm from the quiescent center (QC), expansin staining was found predominantly in cell walls ( Fig.  4A-E) , particularly intercellular spaces between the first and second layer of the cortex (Fig. 4A, C-D) . In outer cortical cells, intercellular spaces developed at 1-2 mm from the QC and showed strong staining (Fig. 4B) . However, the signal in epidermis and the outer cortical layers diminished (Fig. 4A, E) . Beyond 2 mm from the QC, the staining of cell walls was diffuse and weaker (data not shown).
Between endodermis and pericycle, the periclinal walls showed stronger staining than anticlinal walls (Fig. 5A-B) . Walls of sieve tubes near the root apex stained weakly (Fig.  5A ), while walls in the post-mitotic zone were brightly stained ( Fig. 5B-C) , similar to the intercellular spaces of metaxylem and pith (Fig. 5B, D) .
Peripheral columella cells and walls of central columella cells showed little staining (Fig. 6A ) but longitudinal sections of the calyptrogen showed a punctate pattern around the cell wall (Fig. 6B ). Cortex and pith as well as metaxylem were brightly stained (Fig. 6B ) in contrast to the QC and the region between metaxylem and endoderm near QC (Fig. 6B-C) . The staining between metaxylem and endoderm became increasing- ly stronger and reached a maximum 0.4-0.5 mm from QC (Fig.  6C) .
The intensity of the signal in the cell walls of the metaxylem correlated with the direction of cell elongation (Fig. 7) . Metaxylem cells near the QC first enlarged perpendicular to the root axis and showed equally stained walls (Fig. 6B, 7A ). With the transition from iso-diametric to longitudinal elongation, the longitudinal walls became brightly stained (Fig. 7B) . The staining in longitudinal walls diminished before the metaxylem cells reached their final size (Fig. 7C) . In stele and cortical cells between 0-2 mm from QC, the staining in the longitudinal walls was stronger than that of transverse walls (Fig. 6C, 7D -E). Similar to xylem, the staining in cortical cells became stronger in longitudinal walls as the cells elongated (Fig. 7F) . In contrast, pericycle and epidermis showed weak staining ( Fig. 7E-F) .
After gravistimulation the upper and lower flanks of maize roots developed differential staining within 30 min when the expansin signal in cortical cells on the upper flank ( Fig.   8A ) was stronger than that of the lower flank (Fig. 8B) . The differential elongation and staining intensified after 60 min (Fig. 8C-D) . The maximum expansin signal in curving roots was located before the maximum curvature (between 1.4 and 1.7 mm) on the convex side, and at the site of maximum curvature (between 1.7 and 2.2 mm) on the concave side (micrographs not shown).
Treatment of the root caps with BFA delayed gravicurvature for about 15 min (Fig. 9) . The different BFA concentrations caused a similar initial delay of curvature, but the rate of curvature was the same as in controls. However, after 90 min the curvature rate decreased with increasing the BFA concentration (Fig. 9) . The inhibitory effect of NPA on root curvature lasted much longer than that of BFA. Five mg ml -1 NPA delayed gravicurvature for more than 2 h (Fig. 9) .
Immunofluorescence microscopy of root caps showed a different staining pattern after BFA and NPA treatment. Compared with controls, NPA treatment did not change the number of vesicles apparently loaded with expansin in columella cells Fig. 7 Expansin staining in cell walls correlates with the growth direction of cells. The walls of xylem were equally stained (A, 0.6 mm from QC). After the cells of the xylem reached their final diameter they begin to elongate in longitudinal direction. This transition is marked by declining staining in transverse walls and continued or intensified staining in longitudinal walls (B, 1.7 mm from QC). The expansin signal faded in longitudinal walls before the xylem reached maturity (C, 2 mm from QC). In the pith (D, 1 mm from QC) and cortical cells (E, 1 mm from QC), the staining of longitudinal walls was stronger than that of transverse walls. When cortical cells began to elongate, the staining in longitudinal walls increased (F, 2 mm from QC). Bars = 50 mm.
( Fig. 10A) , but BFA-treated roots (Fig. 10B) showed a large increase in expansin-stained vesicles. In BFA-treated roots, the staining in cortical cells between upper and lower flanks showed no difference after reorientation for 30 min, but was stronger in the upper flank after 60 min (Fig. 10C-D) . NPAtreated roots did not exhibited differential staining along the upper and lower flank until after 2 h after horizontal orientation (data not shown).
Discussion
The distribution of expansin staining and the reported pattern of root elongation (Ishikawa et al. 1991 , Wu et al. 1996 are consistent with the function of expansin as mediator for cell elongation. The stronger staining in the inner cortical cells and the weaker staining in the periphery is probably the result of the centrifugal development of intercellular spaces. This implies that expansins are most prevalent in the inner cortex, near the endodermis. From the QC to the apical elongation zone (about 0-2 mm), expansins are mainly localized in the cell walls, including intercellular spaces (Fig. 4, 5) . The punctate staining inside cells may indicate the secretory vesicles containing expansins (Fig. 4C-D) . This observation is consistent with the secretion and localization of expansin into the cell wall of maize coleoptiles (Hoffmann-Benning et al. 1994) .
The second line of evidence for the involvement of expansins in maize root elongation is derived from the staining pattern during graviresponse. At the onset of root curvature in controls (30 min after horizontal reorientation) differential staining of expansins was detected (Fig. 8) . Differential staining was delayed according to the onset of curvature. The delay in curvature amounted to about 2 h when the seedlings were treated with NPA, consistent with the concentration dependency of NPA reported previously (Hasenstein et al. 1999) . Exposure to BFA (Fig. 9, 10 ) delayed curvature by only about 15 min.
About 2 mm from the QC vacuoles form in cortical cells, which then rapidly elongate (Fig. 7) . The staining of expansins in the walls was strongest in the region of impending elongation and decreased dramatically thereafter (Fig. 7) . This distribution corresponds with the relatively high extractable expansin activity in the apical, growing region of meristematic tissue and reduced activity in completely elongated regions . The apical 0-5 mm sections of maize roots are also more sensitive to expansin than 5-10 mm sections (Wu et al. 1996) .
In contrast to the expansin staining in the cell wall region of the meristematic and elongation zones, the central columella cells showed staining of amyloplasts but no staining in cell walls (Fig. 6) . Because the root cap does not exhibit differential growth (Sack et al. 1990 ) and the staining of amyloplasts may be an artefact, it is unlikely that (sedimenting) amyloplasts contribute to differential expansin distribution.
However, in addition to the calyptrogen and columella cells, root caps contain peripheral cells designated PC1-3 based on their morphology and amyloplast content (Moore and McClelen 1983) . As cap cells differentiate, the starch content of the plastids decreases and mucilage is secreted (Moore and McClelen 1983) , which serves as lubricant for the root passage through soil (Feldman 1994) . Because the expansin staining in roots caps decreased with ageing of root cap cells, one could speculate that expansins contribute to the breakdown of cells that precedes the sloughing off of peripheral cells.
The delay of differential expansin staining by the auxin transport inhibitor NPA supports the hypothesis that auxin redistribution is involved in differential root elongation (Hasenstein and Evans 1988) and possibly in expansin secretion. Since the Golgi-derived vesicle secretion inhibitor BFA also interrupts auxin efflux carriers and thereby reduces auxin polar transport (Morris and Robinson 1998) , the inhibition of differential distribution of auxin in root apex by BFA and NPA suggests that the differential secretion of expansins in elongation zone is part of the mechanism that controls differential elongation. 
